Abstract-This paper proposes a new dead-time compensation method for voltage-source inverters (VSIs) used in permanentmagnet synchronous motor (PMSM) drives. The proposed technique is developed based on the revised repetitive controller (RRC) to reduce current harmonics and distortion, which is essential to improve efficiency, rotor position observer performance at very low speed, and self-commissioning accuracy. This method significantly suppresses the sixth-order harmonics and its multiples in synchronous reference frame and reduces the current total harmonic distortion (THD) without depending on the precise current sampling especially in the zero-crossing region. Unlike in most average value theory or pulse based compensations, it does not require additional hardware. It is also shown that RRC-based compensation has better robustness against motor parameter variations than disturbance observer based methods and requires very low computational effort. Compared to other repetitive controllers (RC), the proposed RRC is dedicated for dead-time compensation and can easily be integrated because of its simpler structure. In addition, it can be conveniently activated or deactivated on the fly, which adds more flexibility to the control overall algorithm. The effectiveness of the proposed method is validated by theoretical analysis, spectrum analysis, as well as simulation and experimental results.
I. INTRODUCTION

I
N MULTI-PHASE AC drives, a dead-time interval is deployed in PWM switching signals to prevent DC bus shorts caused by the power switches turn-on/off delay times. The dead time and turn-on/off delays introduce load and frequency dependent harmonics to the inverter output voltages resulting in motor current distortion and torque pulsations [1] - [5] . The dead-time effects can degrade system stability and control performance especially in the low speed region [6] - [9] . These effects deteriorate with the increasing switching frequency [16] , which is typically preferred in low inductance PM motors to reduce current ripple. In the literature, there are various dead-time compensation methods, which are mostly based on average value theory [2] , [3] , [11] - [18] , [35] and pulse based compensation [1] , [4] , [10] . The basic principle of average value theory based methods is to calculate the average effective volt seconds drop throughout the switching cycle and compensate it vectorially according to current direction [2] . The pulse based methods detect voltage error introduced by the dead time and then compensate it in the next PWM cycle. Successful results with direct A/D current sampling are provided in [1] - [4] , [10] - [17] for various applications. However, precise current polarity detection especially near the zero-crossing region, which requires extra hardware or complicated signal processing algorithms, is necessary to obtain a good performance. In [18] , polarity detection accuracy is improved by using feedback circuits to measure inverter output voltages and Kalman filters to reconstruct fundamental phase currents. In [19] , the current polarity is detected with a special detection circuit and VSI is controlled using a fieldprogrammable-gate-array (FPGA). These approaches require additional circuits, which increase end-product cost and hardware complexity. In addition, most of these methods are not fully accurate under all operating conditions since the switching device parameters such as turn-on/off times, saturation voltage and diode forward voltage vary depending on operating conditions [2] . Therefore, accurate compensation cannot be guaranteed as the operating condition changes.
There are also dead-time compensation methods based on disturbance observers, which operate online and take the device parameter changes into account. These methods do not need extra hardware. Instead, they require the knowledge of load parameters or a higher current sampling rate. Disturbance observers are used in [20] - [23] to estimate the voltage errors caused by VSI nonlinearity in the synchronous d-q reference frame. Then, the voltage errors are compensated by adjusting the voltage references through a feedforward loop. Here, successful results are obtained; but the estimation errors can potentially degrade the compensation performance due to motor parameter variations. In [24] , the predictive controller is used to increase the control system robustness against parameter variations and the parameters within the observer can adaptively be tuned; however, it requires output voltage feedback information.
The dead-time induced voltage errors mainly produce sixth current harmonics in the synchronous d-q reference frame [25] . Therefore, it has been proposed in [25] - [27] to compensate dead-time effects by reducing specific current harmonics. For example, in [25] , the sixth order current harmonics are extracted with adaptive filters and then compensated by adjusting current references in d-q reference frame. Similarly, [26] extracts sixth order harmonics using the integral terms in the current proportional integral (PI) controllers. The compensation is effective in reducing current THD and compensates sixth order harmonics; but other dead time related high order harmonics are not considered.
The repetitive controller employs internal model principle and is widely used for the tracking of periodic disturbances even if the plant model is unknown [28] or parameters change on the fly. Principles of repetitive control have been used to reduce the current harmonics in different applications [29] - [31] . For example, [29] uses RCs implemented in parallel with proportional resonant controllers to reduce current harmonics of grid-tied inverters. Similarly, RCs with different structures were developed for motor control applications in [30] - [34] as the basic RC structure has stability issues.
This paper proposes a dead-time compensation method based on a revised RC (RRC), which is deployed in series with current PI controllers. In order to assure the control system stability, a filter is required for the RC to keep the increased open loop gain finite at targeted frequencies. Since traditional low-pass filter has phase delay and degrades tracking accuracy [29] , more complicated finite impulse response (FIR) filters with different structures are used in [30] - [34] . Also, the parameters in these filters are either difficult to tune or needs to be adjusted adaptively in experiments. Unlike these RCs, the proposed RRC uses FIR moving average filter which has simpler structure and is easier to implement using commercial microcontrollers. It guarantees the tracking accuracy and its parameters can be kept fixed for different operating conditions. The proposed RRC's contribution also includes a signal path inserted to connect the input and the output. Because of this, the RRC can be conveniently activated or bypassed without affecting motor operation which adds more flexibility to the overall algorithm. Due to the nature of repetitive control, RRC has better robustness against motor parameter variations than disturbance observer based methods. Furthermore, it not only reduces sixth harmonics as in many other compensation methods, but also deals with its multiples concurrently. In addition, the proposed method doesn't require extra hardware to improve current sampling accuracy, which is necessary in most average value theory or pulse based compensation methods. It is shown that the proposed method significantly reduces the current THD and waveform distortion without depending on precise current sampling especially in the zero-crossing region. The proposed method is integrated into a 2.5 kW PMSM drive controlled by FOC and the number of instruction cycles is only increased by 20%.
The rest of the paper is organized as follows. Firstly, the origins and effects of the dead time for VSI PMSM drives are analyzed in Section II. In Section III, basic principles of FOC for PMSM and its limitation against dead-time causedxbrk disturbances are introduced. After that, theoretical analysis for proposed dead-time compensation method is provided. Experimental setup, simulation, and experimental results are presented in Section IV. Finally, the findings are summarized and concluded in Section V. 
II. DEAD-TIME EFFECTS ANALYSIS
A typical topology of an insulated-gate bipolar transistor (IGBT) based three-phase PWM VSI with a PMSM load is shown in Fig. 1(a) . The current direction is defined as positive if the current flows from the inverter to the motor stator as depicted in Fig. 1(b) . The forward voltage drops of switching devices and freewheeling diodes, zero-current clamp effects and parasitic capacitances are beyond the scope of this paper and not considered. The ideal and actual switching patterns with dead time T dead are shown in Fig. 2(a) . In addition, switching devices are associated with finite turn-on/off delay times. The corresponding output pole voltages (V an ) for the ideal case and the actual case with respect to positive and negative current directions are shown in Fig. 2(b) . Within a switching period, the dead time induced voltage error ΔV pa can be expressed as in (1) which varies with phase current polarity.
for
where T dead , T on , T off , T pwm and V dc are dead time, turnon time, turn-off time, switching period and DC bus voltage, respectively. The sign function can be expressed as in (3) .
If the stator winding is Y-connected, the dead time induced three-phase voltage errors (ΔV a , ΔV b , and ΔV b ) can be obtained as in (4) [26] .
Phase A current and voltage error waveforms are shown in Fig. 3(a) . In addition, since V dead is negative, the phase voltage error is out of phase with respect to the phase current. Fourier series expansion:
sin n(ω r t + γ) n
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where ω r is the electrical angular frequency. The voltage errors from the α-β reference frame can also be transformed to the d-q reference frame. Therefore, voltage errors in the d-q reference frame (ΔV d and ΔV q ) can be expressed as in (6) . It can be seen from (6) The aforementioned analysis demonstrates that the dead-time effects mainly produce fifth and seventh voltage harmonics in the α-β reference frame; and sixth voltage harmonics and its multiples in the d-q reference frame. These voltage harmonics cause current harmonics in turn. Therefore, the dead-time effects mainly generate fifth and seventh current harmonics in the α-β reference frame, and hence sixth current harmonics and its multiples in the d-q reference frame. The sixth current harmonics (Δi q ) caused by the dead time in the d-q reference frame can be expressed as in (7). 
where
, and L q are stator resistance, d-axis and q-axis inductance, respectively. It can be seen that the current waveform distortion can be efficiently reduced by compensating the sixth harmonics and its multiples in the d-q reference frame through RRC, which adjusts the open loop gain at certain harmonic frequencies.
III. PROPOSED DEAD-TIME COMPENSATION METHOD
A. Limitations of the Regular FOC
In FOC, the angular difference between the stator flux vector and the rotor flux vector is regulated for optimized torque generation efficiency. The control loops are designed based on PMSM voltage equations in the d-q reference frame as in (8) determine the generated electromotive torque T e that can be modeled through (9), where P denote the pole pair number. T e and the load torque T L determine the PMSM mechanical system dynamics represented by (10) , where J is the moment of inertia, f is the viscous damping coefficient, and ω is the rotor mechanical angular frequency.
As shown in Fig. 5 , the open loop transfer functions for daxis and q-axis current loops can be expressed as in (11) if axis decoupling is implemented:
where k pd , k id , k pq , and k iq are PI controllers' proportional and integral coefficients. PI controllers are used to keep track of the predetermined current references with negligible steady state error and they can be very robust in rejecting DC or lowfrequency system disturbances. However, high-frequency disturbances such as dead-time voltage errors cannot be effectively suppressed through regular FOC using only PI controllers. This is mainly because of the limited G d(q) (s) and C d(q) (s) gains in the high frequency range, or at dead time related frequencies in particular. The steady state current errors (E d(q) ) caused by the dead-time voltage errors (N d(q) ) can be obtained with (12) and (13), where φ d(q) are the disturbance-error transfer functions. 
B. Proposed Revised Repetitive Controller
The ideal repetitive controller (IRC) was developed to reject the periodic disturbance that appears at constant intervals. Fig. 6 shows the principle configuration of the IRC in a control loop. It can be seen that the IRC contains a delay in the feedback path. The delay time T equals the disturbance signal period and the transfer function of the IRC can be expressed as:
which has infinite gain at frequencies of 2nπ/T (n = 1, 2, . . . .) since the denominator of (14) is equaled to 0. It is known that the disturbance steady state error is zero when open loop transfer function gain is infinite at the disturbance related frequency. Therefore, the output y(t) should be equaled to reference r(t) if the disturbance d(t) contains the frequency components at 2nπ/T only. In practice, however, the IRC cannot be directly deployed in current loops since the control system becomes overly sensitive to the dead-time disturbance and the system cannot be stabilized. In addition, control system stability can be affected significantly during activation or deactivation of IRC. Therefore, IRC needs to be revised to be used for dead-time compensation. The structure of the proposed RRC is shown in Fig. 7 .
As shown in Fig. 7 , the RRC consists of three critical function blocks that are the delay function, FIR moving average filter and gain k d(q) . The delay time is adaptively determined according to the rotor electrical frequency ω r , which is obtained from speed sensors or observers. Since the dead time causes sixth harmonics and its multiples on i d and i q , the delay time is set to be one sixth The FIR moving average filter is used to guarantee the control system stability by keeping the RRC's gain finite yet large enough at dead time related frequencies. In this paper, the causal FIR filter that can be represented by (16) in discrete-time domain is used. In this equation, q is the number of samples in the filter, and x(n) and y(n) are the input and output of the filter, respectively. The transfer function V(s) of the filter in s-domain can be expressed by (17) , in which T s is the sampling period.
In discrete-time domain, this delay function is realized using a buffer stack, the length of which is determined by the delay time and sampling frequency. In each sampling period, the stack's last element goes to the causal FIR filter. After that, the stack moves by one element and the latest data is stored. The implementation of the delay function and the causal FIR filter is shown in Fig. 8 , where n is the length of the stack. n can be calculated using (18), where f s is the sampling frequency, f b is the fundamental electrical frequency and round(.) is the function that rounds the parameter to the nearest integer.
The choice of q mainly takes three factors into consideration: the phase delay, increased gain, and current sampling noise. The phase delay caused by the FIR moving average filter depends on q and how the FIR filter is implemented. For the causal FIR filter used in this paper, the phase delay increases as the filter length gets longer. The phase delay can cause a difference between the RRC targeted frequencies and the frequencies at which the gain is actually increased. Therefore, q can be chosen between two and four so that the phase delay is negligible. On the other hand, if the current sampling is noisy, a larger q should be used to keep the control system stable and a non-causal FIR filter should be deployed instead. This filter can be represented by (19) and its transfer function in s-domain can be expressed by (20) . By doing so, the delay function and the FIR filter is integrated and Fig. 9 shows its implementation in discrete-time domain. The non-causal FIR filter's implementation in software is slightly more complicated than the causal FIR filter. Therefore, the causal FIR filter is used in this study since the current sampling is not noisy and a large q is not necessary.
is introduced to guarantee the phase and gain margins of the current loops after integrating the RRC. It also affects RRC's gain at dead time related frequencies. In addition, the current errors (Δi d(q ) ) are also directly fed to the output not to affect the motor control while including or excluding the RRC. When the RRC needs to be deactivated, k d(q) should be set to zero and the delay process can be suspended. The frequency responses of IRC and RRC transfer functions are compared in Fig. 10 . The targeted frequencies are 120 Hz (240 πrad/s) and its multiples. Fig. 10 shows that the increased gain is not infinite as in IRC yet still large enough so that it can be used for dead-time compensation.
C. Implementation of the Proposed Method
The control block diagram of FOC after integrating the RRC is shown in Fig. 11 . It can be seen that RRC is deployed in series with the current PI controllers and DC component of the dead-time voltage errors shown in (6) are also compensated by feedforward control of voltage references in d-q reference frame. The compensation voltage terms (V d(c) and V q(c) ) can be obtained as in (21) , where γ can be calculated as in (22) .
The current loop open loop transfer functions with RRC can be expressed in (23) . For consistency, the motor speed is chosen to be 300 rpm. At this speed, the fundamental electrical frequency is 20 Hz. Therefore, the dead-time related frequencies should be at 240 πrad/s and its multiples. The q-axis current loop open loop transfer function with RRC is compared with that of IRC in Fig. 12 . It is shown that the RRC increases the gain at dead time related frequencies greatly while the increased gain is kept finite compared with that of the IRC.
The disturbance-error transfer functions after the RRC is integrated (φ d(q) ) can be expressed as in (24) and the resultant current steady state error (E dq (s)) caused by the dead-time voltage errors can be obtained with (25) . Fig. 13 shows the bode diagrams for φ q and φ q . Because of the RRC, the closed loop gain of φ q and φ q at dead time related frequencies is reduced. It means that the RRC can significantly reduce the current steady state error E d(q) caused by the dead time related frequency components in N d(q) .
In Figs. 14 and 15, the bode diagrams for d-axis and q-axis current loops with and without RRC are demonstrated. These figures show that the RRC can increase the current loop open loop gain in the low frequency region, which guarantees a better steady state current loop accuracy. Most importantly, the open loop gain of the current loops at dead time related frequencies are all increased, which assures the reduction in dead time induced current harmonics across the spectrum. In addition, after integrating the RRC, the current loop can have similar crossing frequency as the original one provided that the k d(q) in the RRC and corresponding PI controllers' parameters are properly tuned.
D. Parameters' Tuning and Robustness of RRC in Current Loops
In RRC, both q and k d(q) can affect the dead time related frequencies. This can been seen in Fig. 16 , where frequency responses of q-axis current loop open loop transfer functions are shown for different q and k q . In Fig. 16(a) , q is set to 4 and k q is varied between 0.3 and 0.9. It shows that open loop gain at the dead time related frequencies increases as k q increases. Similarly, k q is kept equal to 0.3 while q is increased from 2 to 4 as shown in Fig. 16 the open loop gain from 40 dB to 80 dB at dead time related frequencies under different operating conditions. It is because k d(q) can be more easily adjusted in software. In addition, k d(q) also affects the learning rate of the RRC. A higher k d(q) yields a faster RRC learning rate. On the other hand, with a lower k d(q) , the stability margin is better. Moreover, as (6) shows, high frequency components of the dead-time voltage errors have larger amplitudes in the d-axis than the q-axis. Therefore, k d is chosen to be larger than k q for a better stability. As a result, the open loop gain at dead time related frequencies is larger in d-axis current loop than in q-axis current loop as shown in Figs. 14 and 15. In addition, it can be seen from (7) that as the motor speed gets higher, the current harmonics amplitudes become smaller as the phase impedance increase. Hence, k d(q) should be adjusted inversely proportional to the motor speed. If a premium transient performance is not required, k d(q) can alternatively be set to a low value for the entire speed range. Furthermore, the sampling time of the digital system also affects compensation performance. The difference between the disturbance period and the delay time becomes noticeable due to limited precision. To address this issue, higher sampling frequency is preferred at high speed.
The robustness of the RRC to the motor parameter variations can be seen from bode diagrams of the disturbance-error transfer functions φ d(q) when the motor parameters are changed. In Figs. 17 and 18 , the bode diagrams of φ q are shown for two R and L q values, respectively. When R increases by 100%, the closed loop gain of φ q is still low because of the RRC as shown in Fig. 17 . Similar phenomena can be observed in Fig. 18 when the L q is reduced by 50%. Accordingly, RRC can effectively reduce the current steady state error E d(q) , which shows that the dead-time compensation performance is guaranteed in case of parameter variations. 
IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results
In simulations, the proposed method is compared with a traditional average value theory based method presented in [35] to validate the robustness of the proposed method to switching device parameter variations. The characteristic parameters of the PMSM are given in Table I . In [35] , the knowledge of V dead is required to calculate the compensation voltage reference. Therefore, any parameter variation in (2) can result in inaccurate compensation. In the simulation, T dead in switching signals is set to be 3 μs while it is kept to be 2 μs in the compensation algorithm. The i a waveform after compensation using the average value theory based method is shown in Fig. 19(a) . It can be seen that i a is distorted by the dead-time effects if T dead in switching signals is different from that of in the compensation algorithm. On the other hand, the dead-time distortion in i a is still well suppressed with the proposed method as shown in Fig. 19(b) . These results validate the robustness of the proposed method to switching device parameter variations.
B. Experimental Results
In order to validate the proposed method, an experimental test stand shown in Fig. 20 was built. TI F28335 DSP was used to drive the 2.5 kW VSI at 10 kHz switching frequency. Sampling frequency and dead time were set to 10 kHz and 2 μs, respectively. The PMSM used in the experiment was loaded with a hysteresis brake. An incremental encoder is used to measure the speed and rotor angular position. The specifications of the VSI are given in Table II .
The number of DSP instruction cycles used to perform the overall algorithm is measured as the first step to evaluate the complexity of the proposed method. Out of 15000 available instruction cycles at 10 kHz ISR rate and 150 MHz CPU, the original FOC algorithm requires 1224 instruction cycles and the proposed method uses 294 more. Hence, the number of instruction cycles is only increased by about 20%, which means the proposed compensation method is feasible in practice. For the PI controller in the q-axis current loop, proportional and integral parameters k pq and k iq are set to be 15 and 375 respectively after bode diagram analysis and slight experimental adjustments. Similarly, the d-axis current loop PI controller parameters k pd and k id are set to be 10 and 250 respectively. It is tested in experiments that this set of PI parameters can guarantee the motor's performance across the entire speed range. Therefore, they are kept unchanged with various operating conditions in the following experiments. Within the RRC, q is set to be 3 at all operating conditions for both q-axis and d-axis current loops. On the other hand, to adjust RRC's gain at dead-time related frequencies, k q in q-axis current loop RRC is linearly reduced from 0.15 to 0.075 while k d in d-axis current loop RRC is linearly reduced from 1 to 0.75 as the motor speed is increased from 300 rpm to 3000 rpm.
In the first experiment, performance of the proposed method was tested during the activation and deactivation processes. Figs. 21 and 22 show i d and i q waveforms during these transients at 300 rpm under 50% of the rated load (0.65 N·m) condition. The dead time induced current ripples were reduced to a negligible level within 30 ms after the compensation with no current overshoots or change in DC component. The steady state performance of the proposed method is validated at 300 rpm which is in accordance with theoretical analysis. Fig. 23 shows i a , i d , and i q waveforms when the motor spinning at 300 rpm under 50% rated load without RRC. Due to the dead-time effect, i a is distorted especially in the zerocrossing regions. In addition, sixth harmonics can be seen in i d and i q waveforms. The amplitude of the sixth harmonics in i d is higher than that in i q as pointed out in (7) . i a , i d , and i q after implementing the proposed method is shown in Fig. 24 To examine the transient performance of the proposed method, both load and speed transients are tested experimentally. For load transient test, a 50% step load is applied at 300 rpm. The current waveforms without dead-time compensation are shown Fig. 27 . As (7) indicates, amplitudes of the sixth harmonics in i d and i q depend on stator impedance re- Fig. 28. i a , i d , and i q waveforms when the load is increased from 50% rated load to 100% rated load with dead-time compensation. gardless of the applied load. Therefore, amplitudes of the sixth harmonics basically remain unchanged in the transient because the motor speed rapidly converged to reference value as expected. The current waveforms after compensation are shown in Fig. 28 , which displays that current distortion in load transient state is suppressed successfully by the proposed compensation method. For the speed test, the motor speed is increased from 300 rpm to 1500 rpm within 0.1 s. Transient state current waveforms with/out the proposed method are shown in Figs. 29 and 30 . By comparing these results, it is evident that the current distortion is well suppressed during the speed transient states. It should be noted one more time that the length of the buffer stack in the RRC should be adjusted both in load and speed transient states according to motor speed. In sensorless FOC algorithms, voltage and current quantities' information in different reference frames such as V α (β ) , V d(q) , i α (β ) and i d(q) are required for rotor position estimation using model-based observers. However, the voltage and current deadtime errors can cause estimation errors if the dead-time effects are not considered and properly compensated [9] . Therefore, the benefits of the proposed method to the rotor position observer performance is investigated using the one presented in [36] . In the position observer proposed in [36] , V α (β ) and i α (β ) are needed. Usually, V α (β ) are derived from voltage references with DC bus voltage and inverter bridge duty ratios since the phase voltages cannot be directly measured from the stator winding terminals. Therefore, if the fundamental frequency components of ΔV α (β ) are not considered and compensated, there can be an non-ignorable phase difference between the estimated and actual rotor position angles especially at very low speeds with a high DC bus voltage. It is because the amplitude of the voltage errors increases with DC bus voltage and the motor's back-emf is low. In Fig. 31 , the estimated rotor position angle (θ) is compared with the measured rotor position angle (θ) at 60 rpm under rated load without dead-time compensation. It can be seen that the dead time not only induces a phase difference but also sixth harmonics onθ. On the other hand, with the implementation of the proposed method and the deduction of the fundamental frequency components of ΔV α (β ) from V α (β ) references used in the observer, the estimation error inθ can be significantly reduced as shown in Fig. 32 . Therefore, the position observer's performance can be guaranteed by the proposed method.
The dead time also negatively affects the motor's efficiency. It is well known that the accurate rotor position is critical for deriving i d and i q . In sensorless FOC, the maximum torque per Ampere (MTPA) cannot be achieved with various torque generation optimization strategies due to the rotor position estimation error. Furthermore, in sensored FOC, the rotor position is accurate. However, the high frequency components in currents can still increase the copper and eddy current losses, which reduces the efficiency. Therefore, a higher motor efficiency can be achieved by reducing the rotor position estimation errors and current harmonics. In most self-commissioning methods, voltage or current perturbation signals are injected from the references to obtain more sets of PMSM equations to overcome the rank-deficient problem [37] - [41] . Similarly to the rotor position observer, the voltage quantities are calculated using voltage references and DC bus voltage. Consequently, the accuracy of these self-commissioning methods are subjective to the inverter nonlinearities such as dead-time voltage errors [42] - [44] . Therefore, the proposed method can also be used to increase the self-commissioning efficiency. However, the integration of the proposed method to different self-commissioning methods is beyond the scope of our study.
V. CONCLUSION
This paper proposes a new dead-time compensation method based on a revised repetitive controller for PMSM drives. Its effectiveness and feasibility is examined experimentally on a 2.5 kW sensorless FOC drive. The bandwidth required by the proposed algorithm is about 3 percent for 150 MHz controller running at 10 kHz ISR. The experimental results show that the current ripples can be suppressed within 30 ms without causing any overshoot or DC component change, and hence can be conveniently activated or bypassed without affecting motor operation. The spectrum analysis shows that the phase current THD can be significantly reduced with much lower dead-time related harmonic content at low speed and at the rated speed. In addition, the proposed method is effective during load and speed transients due to the adaptively adjusted buffer stack length in the RRC. The robustness of the proposed method to switching device and motor parameter variations are validated with the help of simulations.
